Superspreading, the phenomenon where a small proportion of individuals contribute disproportionately to new infections, has profound effects on disease dynamics. Superspreading can arise through variation in contacts, infectiousness or infectious periods. The latter has received little attention, yet it drives the dynamics of many diseases of critical public health, livestock health and conservation concern. Here, we present rare evidence of variation in infectious periods underlying a superspreading phenomenon in a free-ranging wildlife system. We detected persistent infections of Mycoplasma ovipneumoniae, the primary causative agent of pneumonia in bighorn sheep (Ovis canadensis), in a small number of older individuals that were homozygous at an immunologically relevant genetic locus. Interactions among age-structure, genetic composition and infectious periods may drive feedbacks in disease dynamics that determine the magnitude of population response to infection. Accordingly, variation in initial conditions may explain divergent population responses to infection that range from recovery to catastrophic decline and extirpation.
INTRODUCTION
A small proportion of the host population can be responsible for the majority of pathogen transmission (Woolhouse et al. 1997; Lloyd-Smith et al. 2005; Buhnerkempe et al. 2017) . These individuals produce a disproportionate number of secondary infections by engaging in behaviour that increases transmission, shedding more pathogen per unit time, or remaining infected for longer than the average host (LloydSmith et al. 2005; Streicker et al. 2013; VanderWaal & Ezenwa 2016) . The consequences of superspreading were exemplified by the pandemics of severe acute respiratory syndrome (SARS) and human immunodeficiency virus (HIV) that were spread worldwide by a small number of highly infectious or connected individuals (May & Anderson 1987; Lloyd-Smith et al. 2005) . Since those landmark pandemics, the dynamic consequences of variation in infectiousness and social contact have been studied in detail (e.g., Ferrari et al. 2006; Bansal et al. 2007; Chase-Topping et al. 2008) . By contrast, relatively little attention has focused on variation in infectious periods among individuals and the dynamic consequences of this heterogeneity (Woolhouse et al. 1997; Hawley & Altizer 2011) .
This knowledge gap is particularly relevant to management of many common pathogens of humans and animals that are persistently carried by some hosts. Persistently infected individuals help to maintain Salmonella, Brucella, Staphylococcus, Streptococcus, Mycobacterium, Haemophilus and Leptospira species, Hepatitis B and C virus, and Epstein-Barr virus within host populations (Medley et al. 2001; Young et al. 2002; Virgin et al. 2009; Prager et al. 2013; Buhnerkempe et al. 2017 ). Yet, for many if not most of these pathogens, the mechanisms driving persistence and prevalence are not understood (Wertheim et al. 2005) . Such understanding comes from resampling individuals over time, but longitudinal empirical studies are expensive, difficult and rare (VanderWaal & Ezenwa 2016) . Moreover, inferences derived from cross-sectional studies can mislead control efforts. For example, longitudinal studies of Escherichia coli O157 in cattle, thought to be maintained by persistently infected supershedders, revealed that the pathogen may be serially shed by many individuals -in other words, different individuals take turns at supershedding (Spencer et al. 2015) . If supershedding is not a stable individual-host characteristic, then targeted interventions based on specific individuals will fail.
Here, we investigate heterogeneity in infectious periods among hosts, and mechanisms that may give rise to heterogeneity, in a system where the pathogen is limiting host populations: Mycoplasma ovipneumoniae in bighorn sheep (Ovis canadensis) (Fig. 1) . M. ovipneumoniae is the primary causal agent of bacterial pneumonia in bighorn sheep (Besser et al. 2008 (Besser et al. , 2012a (Besser et al. ,b, 2013 (Besser et al. , 2014 . This pathogen, likely introduced with domestic sheep during European settlement, contributed to the historic decline of bighorn sheep to less than 20 000 individuals across the United States (Buechner 1960) . Domestic sheep tolerate M. ovipneumoniae in their upper respiratory mucosa with varying morbidity but generally low mortality (Alley et al. 1999; Besser et al. 2012a) . Introduction of M. ovipneumoniae into na€ ıve bighorn sheep populations can result in severe mortality ranging from 10 to 100% (Cassirer et al. , 2017 . Animals that survive acute infection and associated disease can clear infection or can remain subclinically infected in the upper respiratory tract. If previously exposed animals are reinfected, they are relatively immune to lower respiratory tract disease but can develop a subclinical upper respiratory tract infection Plowright et al. 2013) . Infected populations often remain stagnant, or decline -sometimes to extirpation -in the years to decades after M. ovipneumoniae introduction because most lambs die of pneumonia by 3 months of age . Sustained lack of recruitment is the primary impediment to bighorn sheep recovery.
We evaluated the support for two competing hypotheses about population-level persistence of M. ovipneumoniae in bighorn sheep. First, M. ovipneumoniae could be maintained by persistent infections within a few specific individuals. Second, M. ovipneumoniae could be maintained through serial (sequential) infections transmitted among many individuals. For the first hypothesis, the prediction is that infection status across sampling events would be positively correlated within individuals. In the second, the prediction is that an animal's infection status during one test would be independent of its status during previous tests, provided the intervals between testing are longer than the infectious period and that acquired immunity does not affect infection status. Moreover, the probability that an animal tested positive would reflect current population-level prevalence. Additionally, we investigated individual characteristics that might drive persistent carriage including age, genetic diversity and coinfection with lungworms. Finally, we predicted that lambs born to carrier ewes would be more likely to die than lambs from non-carriers because of early transmission directly from mother to offspring. To examine these hypotheses, we repeatedly sampled free-ranging bighorn sheep in the Lostine population (Wallowa Mountains, Eastern Oregon, USA) over a 4-year period.
METHODS

Study population
The Lostine bighorn sheep comprise a single, well-mixed population that has been surveyed annually since it was established in 1971 (see Supporting Information; Coggins 1988; Figure 1 Epidemiology of Mycoplasma ovipneumoniae invasion and persistence in bighorn sheep populations. Fig. 2) . In 1986, a pneumonia epidemic killed two-thirds of the population; however, the population rebounded to 92% of its pre-epidemic size within 12 years (Coggins 1988; Coggins & Matthews 1992; Cassirer et al. 2013) . In 2000, a year before a novel M. ovipneumoniae strain was detected in the population , monitoring was expanded to include survival and productivity of individuals tracked with radio collars (Cassirer & Sinclair 2007; Cassirer et al. 2013) . Population estimates during this study ranged from 75 to 90 sheep (lambs and adults; ODFW, unpublished data; Fig. 2b ).
Sampling methods and diagnostic testing
Bighorn sheep in the Lostine population migrate seasonally between low and high elevations (Coggins 1988) and are habituated to humans through supplemental feeding on their winter range. We used a baited corral trap and ground darting to capture animals on their winter range (Supporting Information). We placed unique markers on each animal and recaptured individuals within and between seasons with a bias towards sampling females because they transmit pathogens to lambs. We monitored 41 radio-collared animals during the study (34 females, 7 males) of which seven had been collared prior to the study.
We collected nasal samples with dacron swabs and placed these samples into mycoplasma broth (Hardy Diagnostics, Santa Maria, CA) for culture enrichment or into sterile tubes (dry swabs). We conducted PCR and RT-PCR (realtime PCR) detection of M. ovipneumoniae with the methods described in McAuliffe et al. (2003) and Ziegler et al. (2014) , respectively. Both tests were used to ascribe infection status to a sample, and RT-PCR was also used to estimate relative pathogen load. We collected blood for detection of anti-M. ovipneumoniae antibodies by competitive enzyme-linked immunosorbent assay (ELISA) on serum (Besser et al. 2014) . We collected faecal samples and measured lungworm larvae intensity with the Baermann technique (Forrester & Lankester 1997) . We also scored body condition by palpating the sacral crest (Cook et al. 2007) . Diagnostic testing was conducted at the Washington Animal Disease Diagnostic Laboratory and in the Besser laboratory at Washington State University.
Data analyses
Persistent carriage analysis
We used a suite of non-parametric resampling-based methods to evaluate our hypotheses (Supporting Information). We compared the observed frequency of changes in animal infection status through time to that expected by chance. We repeatedly randomly permuted infection status for all individuals across all capture events. We calculated the average duration of an animal's infection status for each permutation and used those averages to build a null distribution reflecting the average time infected or not infected under the serial transmission hypothesis. We then compared the quantile of the null distribution to the observed average duration in each infection state to obtain a Pvalue for departure from the serial transmission hypothesis.
Moreover, we considered multiple tests of the same animal assuming a Hardy-Weinberg-like equilibrium (Wigginton et al. 2005) . We considered a situation in which two tests of Red dots indicate that Mycoplasma ovipneumoniae was detected by polymerase chain reaction in one or more individuals, or M. ovipneumoniae infection was suspected because pneumonic animals were observed, or juvenile survival through summer was less than 50%. Black dots indicate that recruitment was high and we suspect that M. ovipneumoniae was not transmitted to lambs. Open circles indicate that no health data were available. Digits indicate the number of animals that were translocated out of the population and the length of the arrow corresponds to this number.
the same individual were treated as analogous to two alleles, and we assumed the transmission and recovery processes were sufficiently rapid that consecutive test results for the same animal were independent (Supporting Information). Departures from an equilibrium pattern suggest that infection concentrates in a few hosts. We created a frequency distribution of the proportion of positive test results for all animals tested three or more times. Each individual contributed one proportion to this distribution, and proportions were weighted according to the number of times animals were sampled, such that individuals with more samples received greater weight. Under the serial transmission hypothesis, the distribution would be unimodal and centred at the population prevalence; under the persistent carrier hypothesis it would be bimodal with individuals repeatedly testing either positive or negative. We fit a kernel density estimator over the range of this distribution (from 0 to 1), identified a natural breakpoint at the proportion corresponding to the minimum of the kernel density estimator and generated bootstrapped confidence intervals for the breakpoint (Supporting Information).
To explore the consistency of an individual's infection status across years, we estimated the probability that an animal had a positive test result in year t + 1 given two or more positive test results in year t. We repeated this analysis for animals that always tested negative in the first year. We used binomial confidence intervals to quantify uncertainty in our estimates.
To account for the temporal pattern of infection status, we based our classification of individual animals as persistent carriers, intermittent carriers or negatives on the following definition: persistent carriers were individuals that tested positive in two or more consecutive sampling events across at least 2 years (even if they tested as negative at other times) and intermittent carriers tested both positive and negative in consecutive years. Animals that were only sampled once were not assigned a carriage status.
To explore whether anti-M. ovipneumoniae antibody levels and pathogen load (measured in RT-PCR cycle thresholds [Cts] on DNA extracted directly from nasal swab samples) differed among carriage classifications, we used Welch's twosample t-test.
Age-specific infection status
We assigned ages and birth years to bighorn sheep younger than 4 years old at initial capture (n = 67) on the basis of incisor eruption (Dimmick & Pelton 1994) . We assigned the ages of five animals 4 years or older when first captured on the basis of cementum analysis of incisors obtained at necropsy (Turner 1977; Mattson Laboratory, Milltown, MT) .
For other animals that were 4 years of age or older at first capture, definitive age estimation was not possible (n = 20). We used a Monte Carlo simulation to estimate their ages. We defined a window of possible ages for each animal such that the minimum possible age at first capture was four and the maximum possible age at final capture was 20 (Nussey et al. 2008) . Each time the animal was recaptured, we narrowed the lower and upper bound on this window. We drew the individual's estimated age at capture from this window with probabilities proportionate to age-specific survival estimates from Jorgenson et al. (1997) (Supporting Information).
We repeated the age estimation process for animals with unknown ages 10 000 times and concatenated these ages to a fixed dataset of animals with known ages. At each iteration, we fit a mixed-effects logistic regression model (Bates et al. 2014) on the presence or absence of M. ovipneumoniae. The linear and quadratic effects of sheep age were included as fixed effects, whereas the animal's identity was modelled as a random effect. We regressed infection status on median age estimates, and used Akaike's information criteria (AIC) to compare models with linear and quadratic age. We also evaluated infection in cohorts of animals reconstructed from longitudinal demographic data (Supporting Information).
Genetic diversity
We extracted DNA from blood samples and then PCR-amplified and genotyped 15 autosomal DNA microsatellite loci and one sex chromosome locus for sex identification (Supporting Information and Table S1 ). Eleven of the autosomal loci were expected to be adaptively neutral given their position in the genome. The remaining four autosomal loci were located within (or close to) genes associated with immune system function (Supporting Information) and were putatively under disease-related adaptive pressures (e.g. Paterson et al. 1998b; Coltman et al. 2001; Luikart et al. 2008) . We calculated neutral genetic diversity for each individual as the proportion of the 11 neutral loci that were heterozygous, and used Student's t-tests to evaluate whether carrier classes differed in the mean proportion of heterozygous genotypes across loci. For each putatively adaptive locus, we used Fisher's exact tests to evaluate whether the proportion of heterozygous individuals across carrier classes differed. We also incorporated heterozygosity at adaptive loci into the logistic regression model described above with each locus, age, and quadratic age included as covariates. We used AIC to compare models with and without heterozygosity (Supporting Information).
Parentage, lamb survival and lamb infection status
In 2012-2015, we assessed survival of offspring by observing marked ewes and lambs monthly in their remote habitat through summer. We classified a female as having a lamb if she was observed nursing a lamb, alone with a lamb or if she was pregnant the previous winter. We assumed she had lost her lamb if she was observed in a group with no lambs over several consecutive observations. In 2014 and 2015, we added genetic maternity analyses on blood and tissue samples from marked ewes and lambs and faecal samples from unmarked lambs, yearlings and ewes.
For all samples, we PCR-amplified the same 15 autosomal microsatellite and sex chromosome loci as described above, but with extra (3-6) independent PCR amplifications for faecal samples to account for potential allele dropout (Waits & Paetkau 2005 ; Supporting Information). Duplicate samples from the same individual were genetically identified and removed as described in the Supporting Information.
We identified potential mothers as females ≥ 2 years at the birth of the individual of interest. We used CERVUS 3.0.7 (Marshall et al. 1998; Kalinowski et al. 2007 ) to conduct likelihood assessment of maternity. We estimated that 90% of potential mothers in the population had been sampled, and required an 80% confidence level to assign maternities. We submitted serum for pregnancy testing (Drew et al. 2001 ) if a female sampled over the winter was never seen with a lamb in spring to determine whether she lost her lamb or was not pregnant.
We used a generalised mixed model with binomial errors and a logit link function to estimate whether offspring survival differed as a function of ewe carrier classification, or the results of the two closest tests preceding the lamb's birth (both positive, one positive or both negative). We included infection status and linear and quadratic ewe age as covariates and ewe identity as a random effect. We used AIC-based approaches for model selection.
Lungworms
Lungworm larvae counts were overdispersed and zeroinflated, hence we applied negative binomial models to these data with age, carriage status, infection status and heterozygosity at four adaptive loci as fixed effects. We also fit models with random effects for individual (Supporting Information).
RESULTS
Infection status
From April 2012 through March 2016, we captured and sampled 86 animals for a total of 227 samples. Forty percent (N = 34) of animals were sampled two to nine times (Table 1) .
All adults, including infected individuals, were in good body condition throughout the study and most animals appeared healthy, although we occasionally saw signs of respiratory tract disease and associated weakness. Lamb-ewe ratios in late winter (when lambs are 9 months old), and adult female survival, averaged 0.43 (0.37-0.50) and 0.93 (0.9-1), respectively (Supporting Information).
M. ovipneumoniae was detected in 47% of adult females (95% bootstrapped confidence interval [35%, 65%]), 44% of yearlings (11%, 78%) and 89% of lambs (78%, 100%) (Fig. 3a) . Antibodies to M. ovipneumoniae (at ≥ 50% inhibition) were detected at least once in 95% (41/43) of adult females, 85% of yearlings (17/20) and 97% of lambs (31/32).
Antibody levels from animals that tested PCR-positive were significantly higher than those from animals that tested negative on PCR on the same sampling event (Kruskal-Wallis test, P < 0.001, N = 114 PCR positives and 111 PCR negatives; Fig. S1 ). Antibody levels and pathogen loads in intermittent carriers (when infected) did not differ significantly from those in infected persistent carriers (Wilcoxon rank-sum W = 534.5, P = 0.13; Wilcoxon rank-sum W = 32, P = 0.96, respectively, Supporting Information).
Persistent carriage analysis
During our 4-year sampling period, the longest observation of consistently positive and negative test results from an individual animal were 3.2 and 3.1 years, respectively. However, the true duration of the same infection status could be longer; 44 of 50 infection events detected in adults in this study were either interval or right-censored (Fig. 4a) .
Both the permutation analysis and the Hardy-Weinberg equilibrium analysis suggested that the average duration of positive or negative states was greater than expected by chance (H-W p 2 = 0.14; q 2 = 0.39; 2pq = 0.47; P-value < 0.001; observed average exceeded all 5000 permutations for average duration in either state and for duration of the negative state; observed average exceeded all but 2 of 5000 permutations for the infected state; Fig. 3e-g; Fig. S2 ).
The kernel density approach suggested that animals separated into two groups when the proportion of positive tests was above or below 65.7% (95% bootstrapped CI for the separation threshold = [38%, 85%]) (Fig. 3c) . Eight of 11 (73%) animals that tested positive twice in year t and were sampled at least once in year t + 1 tested positive at least once in t + 1 (95% CI from 39 to 93%). Seven of 10 animals that tested negative at least twice in year t (70%), did not test positive in year t + 1 (95% CI from 35 to 92%).
The final classifications of individuals that were sampled more than once are presented in Fig. 4a . Thirty-seven percent of animals were consistently positive over two or more years and were classified as persistent carriers. Forty-five percent of animals were both positive and negative, and were classified as intermittent carriers. The remaining 18% of animals had no PCR-positive test results, and were classified as negative (Figs 3b and 4a ).
Age-specific infection status
We found a significant, U-shaped quadratic relation between age and M. ovipneumoniae prevalence such that prevalence of infection was higher in relatively young (< 2 years) and old (> 15 years) individuals than in intermediate-aged animals (Fig. 5a) . The AIC of a model that included both quadratic and linear terms was less than that of a model that included only a linear term (DAIC = 32; Table S2 ). Results from the cohort assignment ageing method were similar (Fig. 5b,  Fig. S3 ).
Genetic diversity and infection status
Diversity at a putatively adaptive locus differed across carrier classes, whereas neutral genetic diversity did not (Fig. S4) . A locus within the Major Histocompatibility I gene complex (MHCI) had lower heterozygosity for persistent carriers than intermittent carriers (P = 0.005) or negative animals (P = 0.04) (Fig. 3d) . However, diversity at the other three putatively adaptive loci was not correlated with carrier status. In a model with mean age, but no random effect for individual identity (mixed models did not converge), animals that were heterozygous at MHCI were less likely to be infected than animals that were homozygous at this locus (P = 0.016); age and quadratic age were both significant (P < 0.0001; Table S3 ). However, models excluding and including all four adaptive loci had equivalent AIC scores (Supporting Information).
Parentage, lamb survival and lamb infection status
After removing duplicate samples, we identified 15 individuals from 97 faecal samples with final consensus genotypes. Genetic maternity analyses assigned 36 of 37 lambs to a dam, with 25 assignments at the 95% confidence level and 11 assignments at the 80% confidence level. A greater proportion of lambs died from ewes classified as persistent carriers compared to lambs from ewes classified as intermittent carriers or negative (Fig. S5) . However, this result was not statistically significant (P = 0.45). When defining the carrier status of ewes based on the two tests prior to lambing, the difference in the survival of offspring of persistent and intermittent carrier ewes vs. negative ewes was non-significant (P = 0.09) (Fig. S5 ). Ewe age (linear or quadratic) was not associated with offspring survival (Supporting Information). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42 , g ) The expected and observed distributions of consecutive positive and negative tests. The average duration of both infected and uninfected states was greater than expected by chance by both a permutation analysis (e, f, g) and an equilibrium analysis (Fig. S2 ).
Of the 12 lambs or yearlings sampled over multiple years, four were negative and remained negative the following year; eight were positive and six of these lambs or yearlings became negative within 2 years (Fig. 4b) .
Both ageing and carriage status (but not genetics, or infection status) competed to explain variation in lungworm counts, however, evidence of confounding made it difficult to establish causal links. Age probably underlies both carriage and lungworm status (Table S4 , Fig. S6 , Supporting Information).
DISCUSSION
Mycoplasma ovipneumoniae prevalence was highest in relatively young and old animals. However, the majority of infected young animals recovered within 1 to 2 years, whereas the majority of infected old animals remained infected for the duration of the study. The presence of older persistent carriers supports the hypothesis that M. ovipneumoniae is maintained by persistent infections within a few individuals, although, a high proportion of animals were intermittently infected and their contribution to pathogen persistence at the population level is unknown. If intermittent carriers sustain serial transmission without reinfection from persistent carriers, or if intermittent carriers are persistently infected with low pathogen loads that are only intermittently detected, removal of both intermittent and persistent carriers may be necessary to eliminate M. ovipneumoniae from populations.
Age-related responses to microparasitic and macroparasitic infections are well documented and are usually attributed to dynamic interactions among exposure, parasite-induced host mortality, parasite accumulation, acquired immunity, and agerelated variation in immune function (Hudson & Dobson 1995; Wilson et al. 2002) . The early peak in pathogen prevalence in bighorn sheep lambs may reflect early exposure of lambs to infected ewes, lack of protection by maternal immunity, and intense transmission among lambs concentrated in nursery groups. The high prevalence in older animals may be influenced by seasonal re-exposure during epidemics of pneumonia among lambs. However, given that evidence of exposure (by antibody detection) was also high in middle-aged animals that tested negative, low resistance to infection in young and old animals seems a more parsimonious explanation for the U-shaped relations between age and infection in bighorn sheep.
High risk of infection or mortality in the young and the old has been attributed to immune system immaturity and senescence, respectively (Lloyd 1995; Vallejo 2007) . For example, children have the highest rates of infection with the persistent, upper respiratory tract pathogens Staphylococcus aureus and Kingella kingae; then, as the immune system matures, children either clear the pathogens or become intermittently infected (Wertheim et al. 2005; Yagupsky 2015) . Higher risk in older animals is often attributed to immunosenescence and waning of immune memory. As individuals age, telomere lengths in immune cells erode, triggering replicative senescence of those cells (Vallejo 2007) . The result is reduced activation, memory and responsiveness of the adaptive and innate immune systems (Tarazona et al. 2002; Solana et al. 2006) . Declines in immunity as age increases explain increasing intensities of gastrointestinal helminths in Soay sheep (Ovis aries) (Hayward et al. 2009 ) and progression of bovine tuberculosis in badgers (Meles meles) (Beirne et al. 2016) . Moreover, as exemplified by avian malaria (Asghar et al. 2015) , long-term persistent infections can exacerbate telomere degradation and immunosenescence.
A combination of the mechanisms outlined above may explain the U-shaped pattern observed in this study. Similar combinations of mechanisms were suggested to explain the Ushaped relation between age and prevalence of human papillomavirus (HPV) infection and between age and mortality from influenza and varicella-zoster virus (Castle et al. 2005; Heininger & Seward 2006; Greer et al. 2010) . U-shaped age-infection curves are infrequently reported; age-intensity or age-prevalence curves that are convex or rise to an asymptote are more common and are a consequence of immunity or parasiteinduced mortality. Examples include lungworm larvae burdens observed in this study (Table S4) and Trichostrongylus retortaeformis in wild European rabbits (Oryctolagus cuniculus) (Cornell et al. 2008) . Despite many studies of age-varying risk of infection, few studies report age-varying duration of infection, probably because resampling individuals with known ages is seldom possible. However, there are rare exceptions. In humans, the probability of persistent Hepatitis B infection decreased with age (Ott et al. 2012) , whereas, in some populations, the probability of persistent HPV infection increased with age (Castle et al. 2005) . In cattle, the probability of persistent foot-andmouth disease virus infection decreased with age (Bronsvoort et al. 2016) , however in wild rodents, no association was observed between the duration of cowpox infection and age (Hazel et al. 2000) .
The interaction between age-structured carriage and lack of recruitment may explain why bighorn sheep population responses to M. ovipneumoniae infection range from recovery to catastrophic decline and extirpation. One population-level consequence of low recruitment is a shift towards an older age structure Manlove et al. 2016) . If older animals are more likely to carry M. ovipneumoniae, then positive feedbacks may determine the prevalence in a population and the probability of the population's long-term persistence. For example, increasing mean age may lead to increasing prevalence of M. ovipneumoniae, increasing probability and severity of lamb pneumonia outbreaks and accelerating long-term population declines. Conversely, decreasing mean age may facilitate pathogen extinction and population recovery. Therefore, the age-structure during and immediately after pathogen-invasion could be important in determining the long-term population response to infection. Moreover, interventions to remove carriers may be most efficiently conducted after the initial outbreak and before the mean age increases as a consequence of lack of recruitment. These dynamic aspects of carriage are relatively unexplored. Nevertheless, disentangling these dynamic interactions is a challenging and necessary step towards understanding control options and long-term sequelae of infection.
In addition to age, genetic diversity at a locus within the MHCI gene complex was lower in persistent carriers than in negative or intermittent carriers. These results remained significant in a model including age. However, there was no relation between neutral genetic diversity and carrier status, suggesting that an individual's genotype at certain loci may influence infection status, whereas an individual's relative level of inbreeding does not. MHC class I alleles usually respond to intracellular pathogens and the mechanisms by which they would affect the presumably extracellular M. ovipneumoniae are unknown. However, MHC class I and II genes were linked in Soay sheep; if also true for this population, selective pressures at any MHC gene could generate genetic signatures across all MHC genes, including class II genes that respond to extracellular pathogens (Paterson 1998) . MHC alleles in Soay and Scottish Blackface sheep were associated with survival and resistance to macroparasites (Schwaiger et al. 1995; Buitkamp et al. 1996; Paterson et al. 1998a ).
The abundance of MHCI homozygous genotypes in older animals (Fig. S7 ) may reflect recent introduction of new genotypes through immigration, and may confound the age-carriage relations. Alternatively, homozygous and heterozygous individuals may have a survival advantage, or disadvantage, respectively. Counterintuitively, homozygotes could live longer than heterozygotes if homozygotes are tolerant (maintaining health despite their pathogen load) and heterozygotes are resistant but at a cost (e.g. energetic cost of immunity or immunopathology) (Raberg et al. 2009 ). In theory, selection for tolerant homozygotes could lead to a stable association between host and pathogen (Roy & Kirchner 2000) . However, for bighorn sheep, the phenomenon could be maladaptive because lambs would be susceptible to infections from tolerant adults. Thus, relations among genetic diversity, survival, tolerance and resistance, could drive another feedback loop that results in population decline. More data are needed to examine this hypothesis.
We found little evidence that a lamb's survival is directly related to its mother's infection status. Instead, the offspring of both carriers and non-carriers died, probably because lamb-to-lamb transmission dominates when lambs are concentrated in nursery groups, concealing the origin of the epidemic Plowright et al. 2013; Manlove et al. 2014) . Some offspring of persistent carriers survived, despite their putative early exposure, and offspring of non-carriers were exposed to other infected lambs or ewes. Lambs and adults that were PCR negative had serological evidence of exposure to M. ovipneumoniae, indicating that their status was not due to lack of exposure.
Priorities for future research
Our work highlights some critical knowledge gaps in understanding the population dynamics of persistently carried pathogens. First, there is a dearth of age-structured longitudinal data on infections in natural systems. Without data on age, potential mechanisms and feedbacks driving disease dynamics may be overlooked or misinterpreted (Medley et al. 2001) . For example, one might mistakenly conclude that M. ovipneumoniae status drives lungworm burdens, whereas age probably drives both lungworm burden and M. ovipneumoniae status.
Second, there is little understanding of the role of intermittent carriers in maintaining and transmitting infections . Experiments in the field and on captive animals, supported by modelling studies, may be necessary to clarify the role of intermittent carriers. Ultimately, replicated field experiments that monitor the outcome of removal of persistent or intermittent carriers may be needed to elucidate mechanisms of persistence at the population level.
Third, there is no robust statistical definition of persistent carriage, even for common human pathogens such as S. aureus (Wertheim et al. 2005) . Our definition of persistent carriage within an individual as two consecutive years of infection was subjective given the constraints imposed by censoring, lack of data and limited knowledge of the relevant mechanisms. Longer studies are needed to empirically establish this definition in this system and others. Ideally, a definition informed by the number of secondary infections produced by individuals, as was developed for superspreaders (Lloyd-Smith et al. 2005) , could be developed for persistent carriage. However, quantifying transmission of mucosal bacterial pathogens remains very challenging.
For bighorn sheep, we suggest that replicate studies be conducted in other locations to determine if the Lostine population -with its winter aggregation and particular strain of M. ovipneumoniae -is representative of other infected bighorn sheep populations. In addition, longer time series would allow stronger inference about age-prevalence relations and exploration of alternative explanations such as cohort effects (Supporting Information). The discovery of age-structured persistent carriage and variation in diversity at an MHC locus provides a basis for simulations and field experiments that explore options for eradication of pneumonia in bighorn sheep populations.
